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cessful in identifying several novel genetic variants associated with complex diseases, including type 2 diabetes, dyslipidemia, breast cancer, prostate cancer and Crohn's disease. 12 However, genetic variants have not been convincingly identified by GWAS for HT. The Wellcome Trust Case Control Consortium (WTCCC) suggested 6 single nucleotide polymorphisms (SNPs) that were associated with HT, 13 but replication studies in other populations failed to confirm the findings of the study, demonstrating the need for further evaluation across populations. Until now, no GWAS have focused on the relationship between short sleep duration and incident HT. Here, we prospectively investigated the incidence of HT in subjects with short sleep duration over a 6-year period, and any associated genetic variants found in GWAS.
Methods

Study Sample
We conducted a prospective follow-up investigation using data from the Korean Genome and Epidemiology Study (KoGES), which was initiated in 2001 as an ongoing population-based cohort study of Korean adults aged 40-69 years. 14 Briefly, a total of 5,020 participants (2,523 men, 2,497 women) from Ansan and 5,018 participants (2,239 men, 2,779 women) from Ansung participated in baseline examinations from June 2001 to January 2003. Information about their general characteristics, lifestyle, sleep-related factors, current medications and menopausal status was gathered by questionnaires. Physical examinations including blood pressure (BP), anthropometric measurements, and blood sampling, were conducted by trained interviewers at 2-year intervals. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. At baseline, subjects with HT or pre-existing cardiovascular disease were excluded. Therefore, all participants were normotensive at the beginning. During the 6-year period, a follow-up rate of 67% was achieved. The study procedures were approved by the institutional review board of the Korea University Ansan Hospital, and written informed consent was given by all study participants.
Ascertainment of HT
Measurements of BP were performed using mercury sphygmomanometers (Baumanometer; W.A. Baum, Copiague, NY, USA) according to a standardized protocol. 15 All measurements were taken after at least 5 min rest and checked 3 times at 1-min intervals. The mean of the last 2 measurements were used as the value of systolic and diastolic BPs. HT was diagnosed as systolic or diastolic BP ≥140 or ≥90 mmHg, respectively, or when participants reported taking antihypertensive medications.
Sleep Duration
Participants were asked "How many hours of sleep do you usually get a night?" or "When do you usually go to sleep and wake up?" for self-reported sleep durations. Three categories for sleep duration were established: <5 h, 5-7 h, and >7 h.
Assessment of Covariates
Statistical controls used categorical variables including area (Ansan, Ansung), sex (female, male), occupation (white-collar, blue-collar, and housekeeper), income (<3,000 or ≥3,000 US$ per month), living with spouse (yes, no), smoking status (never, former, and current smoker), alcohol status (never, former, and current drinker), education (≤high school, >high school), Epworth Sleepiness Scale (ESS, <11 or ≥11) for daytime sleepiness, diabetes (yes, no), cardiovascular diseases (yes, no), snoring (yes, no), and coffee (yes, no), and continuous variables including age, BMI, and total physical activity (hours per day).
Genome-Wide Association Study
The methods used for the GWAS of the KoGES have been described in a previous report. 16 Briefly, genotyping for GWAS was performed using the Affymetrix Genome-Wide Human SNP Array 5.0 (Affymetrix Inc, Santa Clara, CA, USA) according to the manufacturer's instructions. Genotype clustering was determined using Bayesian robust linear modeling of Mahalanobis distance. Before statistical analysis, low minor allele frequency (<0.01) and deviations from the Hardy-Weinberg equilibrium (HWE, P<0.000001) were removed. 
Statistical Analysis
Results
Baseline Characteristics
Of the 10,038 study participants, DNA was available for 10,004. The SNP data were removed for 401 with low call rates (<95%), 11 with sample contamination, 608 with cryptic relatedness, 41 with sex inconsistency and 101 with serious concomitant illness. At baseline, HT was diagnosed in 2,878 and cardiovascular diseases in 106. The data for sleep duration and BMI were missing in 257 cases, and follow-up failed in 636; these were all excluded from the study. In total, 4,965 subjects were enrolled and their baseline characteristics are shown separately in Table 1 according to sleep duration categories for men (n=2,330) and women (n=2,635) between the ages of 40 and 69 years. The mean age was 50.5±8.5 years (men 50.4±8.4 years, women 50.5±8.5 years), and selfreported mean sleep duration was 6.9±1.3 h (men 7.0±1.2 h, women 6.8±1.3 h). At baseline, 3.3% (n=74) of men and 6.2% (n=163) of women reported sleeping less than 5 h per night. Among men, no consistent patterns of BP were noted based on sleep duration category. Among the women, both short and long sleep durations were significantly associated with Genetics in Hypertension Incidence increased systolic (P<0.01) and diastolic BPs (P<0.01), and pulse pressure (P=0.04). Participants sleeping less than 5 h per night were older, held higher level white-collar jobs, had more severe insomnia, and earned lower incomes for both sexes compared with those sleeping 5-7 h. Women in the short sleep duration group tended to have lower physical activity, more frequent daytime sleepiness, were more frequently housekeepers, drank less, were more frequently diabetic and had higher levels of triglycerides. Men in the short sleep duration group tended to be less educated and more likely to snore. No significant differences in smoking habits were reported across the categories of sleep duration ( Table 1) .
HT Incidence
Of the 4,965 individual study subjects, 1,071 (543 of 2,330 men; 528 of 2,635 women) newly developed HT during the 6-year follow-up. The cumulative incidence of HT during the 6-year follow-up period was 21.6% ( 
Discussion
We found that self-reported short sleep duration (<5 h per night) increased the risk of incident HT only in premenopausal women. Associated genetic factors were the SNPs of rs6691577, rs2226284 and rs12756253. There is increasing evidence that short sleep duration is a risk factor for cardiovascular morbidity and mortality. 9,20, 21 In addition, substantial epidemiologic evidence supports a link between short sleep duration and HT. 7,8,10, 22 These findings have considerable potential public health implications, because of the trend of decreased average sleep duration in the general population. 23, 24 However, the mechanisms underlying the association between short sleep duration and HT have not been established. An experimental study showed that after sleep deprivation, a significant increase in BP was accompanied by an increase in the urinary excretion of norepinephrine. 25 A speculative mechanism involves orexin, which may be increased as a compensatory response to chronic sleep restriction; this peptide has stimulatory effects on central sympathetic outflow. 26 Sleep deprivation may also alter the activity of the hypothalamic-pituitary-adrenal axis. As a result, elevated cortisol level increases BP. 27 These findings have led to the hypothesis that short sleep duration could lead to HT by elevating sympathetic nervous system activity and the cortisol level.
Two recent studies found significant cross-sectional associations between reduced sleep duration and HT only in women. 10, 28 Another cross-sectional study showed an association between short sleep duration with HT only in premenopausal women. 22 Our prospective study results corroborate the finding that incident HT is associated with habitual short sleep durations only in premenopausal women. These findings are also consistent with the findings of a previous report that in the elderly, short sleep duration is not associated with HT. 8,11, 29 Potential mechanisms that explain sex-specific effects of short sleep duration on incident HT are unknown, but several hypotheses can be suggested. First, it is possible that the female hormone, which is influenced by sleep duration, 30 plays a role in incident HT. 31 Second, known sex differences in stress responses, which can alter sympathetic nervous system activity and cortisol levels, 32 may be important for the development of HT. 33 Third, sex differences have been reported for the association of short sleep duration with inflammation, which may in turn play a role in the development of HT. 34 Because the mechanisms underlying the sex-specific association between short sleep duration and HT are unclear, we investigated the associated genetic factors by GWAS.
GWAS have enabled investigation of comprehensive genetic variability according to common variants in the human genome for the first time. 35 Although many complex diseases such as diabetes have been successfully associated with riskenhancing genetic variants, the genetic basis of HT has not been elucidated, despite the widespread use of GWAS. 12 This may be because HT is modulated by several low-risk genetic variants, combined with a relatively large number of environmental factors. In the present study, premenopausal Korean women with self-reported short sleep duration had significant associations between incident HT and SNPs such as rs6691577, rs2226284 and rs12756253. These SNPs have not been replicated in other studies dealing with HT. 2,12,13,35-37 However, previous studies did not consider joint effects such as short sleep duration for the development of HT.
The associated gene with incident HT of premenopausal women was LRRC7, which regulates an adhesion and signaling protein complex linking the interdigitating podocyte foot processes in the renal glomerulus. LRRC7 gene variants contribute to severe proteinuria, diabetic nephropathy and consequentially HT. 37 Although LRRC7 may be a promising candidate for HT, fine mapping or resequencing experiments are required to clarify the association between this gene and HT. Among the genes that are associated with incident HT in women, MYO1D is an important regulator of blood lipid profiles. The variants of this gene have been associated with elevated blood lipid profiles, which cause atherosclerosis, HT and cardiovascular disease. 39 The present study showed that women sleeping less than 5 h per night had a significantly higher triglyceride level than women sleeping 5-7 h per night. JMJD2A, 40 THSD4, 41 LOC440142, 42 and RNF43 43 have not been previously known to have relationships with BP or HT. Although gene-environment interactions play an important role in HT, the predictive power of genetic variants is still unclear for incident HT. Further research is needed to confirm these associations, and a role for the abovementioned genes in HT. 
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Study Limitations
We note that our study had some limitations. First, the duration of sleep was self-reported, and could be subjective. 
Conclusions
Our prospective study showed that premenopausal Korean women reporting short sleep duration had an increased risk of incident HT. The associated SNPs were rs6691577, rs2226284 and rs12756253. In these high-risk subjects, sufficient sleep may be important to avoid sleep-related adverse cardiovascular morbidity and mortality. Further investigations are required to determine the extent to which these genes contribute to HT.
